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ABSTRACT
Although many exciting applications of molecular communication
(MC) systems are envisioned to be at microscale, the available MC
testbeds reported in the literature so far are mostly at macroscale.
is may partially be due to the fact that controlling an MC system
at microscale is quite challenging. To link the macroworld to the
microworld, we propose a biological signal conversion interface
that can also be seen as a microscale modulator. is interface
translates an optical signal, which can be easily controlled using
a light-emiing diode (LED), into a chemical signal by changing
the pH of the environment. e modulator is realized using Es-
cherichia coli bacteria that express the light-driven proton pump
gloeorhodopsin from Gloeobacter violaceus. Upon inducing external
light stimuli, these bacteria can locally change their surrounding
pH level by exporting protons into the environment. Based on
measurement data from a testbed, we develop an analytical model
for the induced chemical signal as a function of the applied optical
signal. Finally, using a pH sensor as detector, we show for an exam-
ple scenario that the proposed setup is able to successfully convert
an optical signal representing a sequence of binary symbols into a
chemical signal with a bit rate of 1 bit/min.
1 INTRODUCTION
Molecular communication (MC) systems encode information into
the characteristics of signaling molecules. is is very dierent
from conventional electromagnetic- (EM-) based communication
systems that embed data into the properties of EMwaves [7, 20]. MC
systems are suitable for communication at small scale and in uids
where EM-based communication is inecient or even infeasible.
Functioning MC systems are envisioned to enable revolutionary
applications, e.g., sensing of a target substance in biotechnology,
targeted drug delivery in medicine, and monitoring of oil pipelines
or chemical reactors in industrial applications.
An important step towards realizing the aforementioned applica-
tions is to build testbeds that allow the verication of the theoretical
channel models and the transmission strategies proposed in the
MC literature. To this end, MC testbeds based on spraying alcohol
into open space and using acids and bases within closed vessels
have been proposed in [4] and [6], respectively. ese testbeds
have been extended to multiple-input multiple-output (MIMO) sys-
tems, and improved channel models have been proposed to ac-
count for discrepancies between theory and experimental results
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[5, 15]. Recently, an in-vessel MC testbed was proposed in [24]
that uses specically designed magnetic nanoparticles as infor-
mation carriers, which are biocompatible, clinically safe and do
not interfere with chemical processes like alcohol [4] or acids and
bases [6] may do. Nevertheless, the aforementioned MC testbeds
are all at macroscale, i.e., with dimensions on the order of several
tens of centimeters, whereas many prospective applications of MC
systems are envisioned to be at microscale. Biologically inspired
experimental studies have been conducted in [2, 8, 16, 21, 22]. In
particular, in [16], bacterial populations were used as transceivers
connected through a microuidic pathway. In [8], soluble CD40L
molecules were released from platelets (as transmier) into a uid
medium that upon contact triggered the activation of endothelial
cells (as receiver). Moreover, in [21], a microplatform was designed
to demonstrate the propagation of molecular signals through a line
of paerned HeLa cells (human cervical cancer cells) expressing
gap junction channels. In [22], articially synthesized materials
were embedded into the cytosol of living cells and, in response to
stimuli induced in the cell, emied uorescence that could be ex-
ternally detected by uorescence microscopy. Similarly, in [2], the
response of genetically engineered Escherichia coli (E. coli) bacteria
to the surrounding molecules was used as basis for the design of a
biological receiver.
One particular challenge for designing microscale MC testbeds
is the fact that controlling an MC system at microscale is dicult.
To address this issue, in this paper, we propose a biological sig-
nal conversion interface which converts an optical signal, which
can be easily controlled using a light-emiing diode (LED), into a
chemical signal by changing the pH of the environment. is setup
can be seen as a microscale modulator that can be embedded in
future MC systems1. e modulator is realized using E. coli bacteria
that express the light-driven proton pump gloeorhodopsin (GR), a
bacterial type I rhodopsin. Upon inducing external light stimuli,
these bacteria can change their surrounding pH level by exporting
protons into the environment. e authors of [3] examined the
proton ux due to illumination of E. coli bacteria expressing GR
(but not for applications in an MC system). In particular, one proton
can be transferred to the periplasmic space in less than 1 ms from
an almost inexhaustible pool inside the cell arising from the cell’s
energy metabolism [18]. As a result, in a bacterial suspension, the
change of proton concentration in the surrounding medium can
be detected within few seconds as a change of pH. erefore, we
expect a relatively fast signal conversion with this setup in compar-
ison with the setup in [16] where a chemical signal was generated
based on gene expression. Using experimentally derived data from
our testbed, we develop an analytical model for the induced chemi-
cal signal as a function of the applied optical signal. Finally, using
a pH sensor as detector, we show for an example scenario that
1roughout the paper, we use the terms “optical-to-chemical signal converter” and
“modulator” interchangeably.
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Figure 1: Biological modulator model. (a) Benchtop experi-
mental setup; (b) Schematic illustration.
the proposed setup is able to successfully convert an optical signal
representing a sequence of binary symbols into a chemical signal
with a bit rate of 1 bit/min using on-o keying (OOK) modulation
and dierential detection. e proposed setup can serve as the basis
for the development of testbeds using other light-driven pumps
that generate other chemical signals, e.g., Na+ and K+ ions [12, 13].
We note that the systems in [2, 8, 21, 22] were demonstrated for
a single shot transmission. Furthermore, the setup with continuous
transmission in [16] achieves low data rates on the order of one
bit/h. In contrast, the testbed in this paper achieves signicantly
higher data rates on the order of one bit/min.
2 SYSTEM SETUP AND PRELIMINARIES
In this section, rst, an overview of the experimental system is pro-
vided. Subsequently, the photocycle of bacteriorhodopsin, the main
biological mechanism that is exploited for the proposed microscale
modulator, is discussed in detail.
2.1 System Overview
e developed testbed is shown in Fig. 1a and schematically il-
lustrated in Fig. 1b. e proposed modulator is based on E. coli
bacteria expressing bacteriorhodopsin in their cell membrane for
easy-to-control optical signal conversion. A glass tube containing
the bacterial suspension is installed in a light-isolated incubator
in order to keep environmental conditions, such as temperature,
constant. An LED is focused on the bacterial suspension and is con-
trolled using an Arduino microcontroller and a personal computer
(PC). ereby, the information generated by the transmier PC is
rst encoded into an optical signal which is then converted to a
chemical signal, i.e., a pH change, by the bacteria. In fact, upon
illumination, the bacteriorhodopsin in the bacteria plasma mem-
brane pumps protons out into the channel, see Fig. 2. Assuming
dilluted solution, the proton pumping reduces the pH according
to pH = − log10(cH+ ) where cH+ is the concentration of protons in
mol/l [6]. In order to evaluate the eciency of the proposed signal
converter, we deploy a pH sensor in the bacterial suspension which
Figure 2: e light-driven proton pump bacteriorhodopsin.
(a) Biological function of bacteriorhodopsin in a native cell;
(b) Schematic transmission model.
tracks the pH variations over time. is sensor reports the pH
values to a receiver PC for signal processing. e technical details
of the components of the testbed and the cultivation of the bacteria
are provided in Section 3 and the modulation and detection schemes
used to collect and process the measurement data are presented in
Section 5.
2.2 Bacteriorhodopsin Photocycle
e modulator in this testbed consists of engineered bacterial cells
expressing GR inserted into the plasma membrane of the cell2.
e GR protein provides a gate through the membrane via seven
transmembrane domains formed by amino acid helices. Due to
a hydrophobic barrier on the cytoplasmic side, the protein is not
providing any transport of molecules in the ground state. To per-
form proton-transfer, a chromophore group, the all-trans retinal,
is needed. e retinal is integrated into the protein and acts as
biochemical pumping lever. e photocycle of bacteriorhodopsin
was investigated intensively over the past decades in the biology
community [17]. In the ground state, retinal is in the all-trans
conguration and a proton is bound to the residue of amino acid
Asp96 inside the cell on the cytoplasmic side. By the energy of one
photon, the retinal is subject to a trans→cis transition at carbon
atom C14 and thereby performs the lever action. As a result, one
proton is transferred from the Schi base to the residue of amino
acid Asp85 on the periplasmic side of the protein. Investigations
of the bacteriorhodopsin photocycle strongly suggest that the pro-
tonation of Asp85 causes the passage of a proton through a water
network embedded in the amino acid residues of the protein on the
extracellular side [23]. Hence, the proton can move through the
plasma membrane against the electrochemical potential along the
amino acid residues inside the protein. Furthermore, Asp85 repro-
tonates the Schi base and the retinal regenerates to the ground
state, ready for a new cycle.
2GR is a specic bacteriorhodopsin belonging to the family of bacterial type I
rhodopsins. roughout this paper, we use GR and bacteriorhodopsin interchangeably.
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e photo-isomerization of retinal and the release of one proton
to the extracellular side is the fastest known bacterial photoreaction
and is performed in less than 1 µs [23]. However, the regeneration
from the excited to the ground state takes 15 ms which makes it the
time-limiting factor in the photocycle. By increasing the proton-
gradient in the natural host, the polarization of the membrane is
used to drive, e.g., an ATPase to convert light energy to chemical
energy, see Fig. 2a, or to drive the agellar apparatus.
Light is one of themost important external signals used to convey
information from the external world to biological systems. In fact,
in addition to the ion transporting rhodopsins, there are also sen-
sory rhodopsins functioning as light-signal transducers in nature
[14]. erefore, organisms make use of light not only as energy
source but also as information signal. In this paper, we exploit
bacteriorhodopsin for a biological modulator.
3 EXPERIMENTAL SETUP
In this section, we rst describe the procedure for cultivation of the
bacteria, formation of the spheroplasts that are needed for ecient
proton pumping, and the performed measurement mechanism. Sub-
sequently, we provide a brief discussion on the variability that is
expected to occur in MC systems that employ biological compo-
nents.
3.1 Bacterial Cultivation
In this paper, we use geneticallymodied E. coli bacteria, namely the
strain E. coli DH5αMcr, carrying the vector DNA pKJ900 with the
gene encoding GR from Gloeobacter violaceus under control of the
chemically induced ptac promoter that was proposed in [3]. Bacteria
from a dry agar culture were pre-cultured for 6 h at 37 ◦C and
shaked at 175 revolutions per minute (rpm) in 20 ml lysogeny broth
(LB) medium (i.e., 10 g/l tryptone, 10 g/l NaCl, 5 g/l yeast extract)
with 25 µg/ml chloramphenicol, to select bacteria with antibiotic
resistance genetically encoded in the vector DNA. Subsequently, for
the main culture, 400 ml LBwith chloramphenicol was inoculated to
a nal optical density at 600 nm of OD600 nm= 0.02 (approximately
0.02×(8×108) = 1.6×107 cells/ml), and incubated for 1 h at 37 ◦C at
175 rpm constant shaking, to adapt to the fresh medium conditions.
ereaer, 100 µM isopropyl-β-D-thiogalactopyranosid (IPTG) for
chemical induction of the transcription, and 10 µM retinal were
added. Since E. coli cells do not produce retinal, it has to be supplied
by the medium in which the cells grow. Aerwards, the main
culture was incubated at 35 ◦C and 75 rpm in the dark, since lower
temperature supports IPTG induction and retinal incorporation
seems to be more successful in rather anaerobe conditions [9, 10].
3.2 Spheroplast Formation
Considering that GR is located in the plasma membrane, protons
are pumped to the periplasmic space between the cytosolic and the
outer membrane (OM).erefore, most released protons are trapped
and cannot easily reach the extracellular environment. To address
this issue, we standardized a protocol based on sonication with the
aim to remove the OM so that the protons are released directly into
the surroundingmedium. Amongmany protocols already described
in the literature, using lysozyme resulted in a high and pure yield of
spheroplasts but in a lower nal volume and concentration of cells
compared to sonication [11, 19]. us, OM removal by sonication
is the method that beer ed the requirements of the system.
e IPTG-induced cells were harvested by centrifugation (4000 xg,
5 min). Aerwards, the cells were resuspended in 320 ml 0.9% NaCl
in total and exposed to 6 times of 20 s sonication bath with ice (10%
power in Bandelin Sonorex Digital 10P) and 20 s regeneration. Aer
centrifugation with 8000 xg for 10 min, the cell pellet was resus-
pended again in 320 ml 0.9% NaCl. e proportion of OM removal is
strongly dependent on the dilution during sonication. In total, 6 cy-
cles of sonication were performed. Aer the last centrifugation, the
spheroplasts were resuspended in an unbuered, osmotically bal-
ancing solution (120 mM NaCl, 10 mM MgCl2, 10 mM KCl, 10 mM
MgSO4, 100 µM CaCl2) of pH=5.5 and adjusted to an OD600 nm of
15 (approximately 15 × (8 × 108) = 1.2 × 1010 cells/ml). e re-
sulting solution was a mixture of spheroplasts (50-60%, optically
estimated), cells with partly removed OM, and intact cells. In a
reaction tube, 6 ml of the cell suspension was incubated for 5 h
in 35 ◦C in the testbed setup, see Fig. 1, stirred at level 6 of a IKA
RCT basic magnetic stirrer, and nally dark adapted to the ionic
conditions before it was used for signal transmission.
3.3 Measurement
e bacteria, constantly incubated in a dark environment, were
illuminated by an LED with optical power 1 W, which operated at
wavelength 550 nm due to the maximum absorption of GR [3]. e
LED was controlled by a custom Matlab® (MathWorks®, Natick,
MA, United States) graphical user interface (GUI), which allowed
mapping a user-dened bit sequence to an appropriate sequence
of light stimuli. e transmier PC was connected to an Arduino
Mega 2560 (Rev. 3) microcontroller via serial connection. e
GUI controled one of the digital output pins of the microcontroller,
which in turn provided the control signal for the custom LED driver
circuit PT4115 (CR Powtech, Shaghai, China). e measurement
was performed when the temperature was stable at 35 ± 0.2 ◦C
and the pH was adapted to between 5.6-5.8, since this was the
most eective operating range to generate a strong signal from
the bacteria [25]. e pH signal in general was documented for at
least 30 min to ensure stability. e absolute pH level was detected
with a SenTix 950 (Xylem Analytics, WTW, Weilheim, Germany)
microelectrode using the potentiometric pH meter inoLab® Multi
9310 IDS (Xylem Analytics, WTW, Weilheim, Germany). Since our
main objective was to characterize the optical-to-chemical signal
conversion, the pH microelectrode was inserted directly into the
bacterial solution. e measured real-time data were continuously
streamed via serial connection to the receiver PC, where they were
analyzed, displayed, and stored by a custom Matlab® GUI.
3.4 Variability in Biological Systems
eproposed testbed is based on living biological organisms. Hence,
we expect conditional unique characteristics that usually are not
observed in synthetic non-living systems. In particular, in the fol-
lowing, we highlight the factors that may cause variations in the
overall system response and may help in interpreting the exper-
imental data. ese factors include, but are not limited to, the
portion of spheroplasts in the cell mixture and the number of GR
molecules with integrated retinal in each cell. Moreover, as bacteria
age, changes in the system response could also arise from degen-
erating processes in the cell. ese factors may lead to a baseline
dri in the chemical signal over time, cf. Section 5. To minimize
these eects, we followed a careful protocol for preparation of
the bacteria and the measurement procedure as discussed in the
previous subsections. Nevertheless, residual variations still exist
that will be studied and modeled in the next section. Determining
for example the exact numbers of spheroplasts and functional GR
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molecules, and the development of ecient protocols to reduce
or eliminate variations in these numbers, are important topics for
future research.
4 SYSTEM CHARACTERIZATION
In this section, we develop an analytical model to characterize the
chemical signal induced by the bacteria as a function of the applied
optical signal.
4.1 System Step Response to Illumination and
Darkness
Let T symb denote the length of a symbol interval. In this paper, we
assume a rectangular pulse for the optical signal that spans fraction
α of the symbol interval. In other words, for this pulse shape, the
LED is turned on from the beginning of the symbol interval until
time αT symb and is turned o for the remaining time (1 − α)T symb
of the symbol interval. Moreover, before transmission starts, the
bacteria are in a dark adaptation state and an equilibrium in pH is
established. Our motivation for adopting this specic pulse shape is
to partially return to the equilibrium state aer illumination. is is
particularly important if pulses are transmied consecutively, e.g.,
corresponding to consecutive binary ones for OOK signaling. To
characterize this system, in the following, we develop an analytical
model for the step response of the system to illumination and
darkness.
4.2 Analytical Model
Anaytical models to describe the proton release rate or proton con-
centration (or equivalently pH) as a function of a given induced
optical intensity have been developed in [1, 26]. In particular, in [1],
the photocycle of the bacteriorhodopsin was modeled as a Markov
chain and the corresponding proton release rate was derived. More-
over, in [26], the expected pH change in the proximity of a proton
pumping cell was derived as a function of time. In this paper, we do
not aim to develop such models as the considered system is much
more complex than those investigated in [1, 26]. Nevertheless,
we exploit a simple insight that these analytical models provide.
Specically, the model in [26] reveals an exponential change in
proton concentration over time in response to the change of the
optical intensity and convergence of the proton concentration to
an equilibrium level aer a sucient time. We take this insight
into account to develop a parametric model. Moreover, from our
measurement data, we observed that the proton concentration may
exhibit a certain dri that was not predicted in [1, 26] but is in-
cluded in our model. is eect can be aributed to a slow variation
in the behavior of the bacteria over time, e.g., due to the aging of
the bacteria.
Let cH+ (t) denote the proton concentration as a function of time.
Motivated by the measurement data, we model cH+ (t) as the sum
of the following three dierent components:
i) Slow dri component: As mentioned before, our measure-
ments exhibit a slow dri over relatively long time intervals (e.g.,
on the order of 20 min) compared to the considered symbol interval
duration, which is on the order of 1 min. e concentration change
due to this dri is denoted by d(t) and is modeled by the linear
deterministic function d(t) =mdt wheremd is the slope of the dri
when measurement starts at t = 0.
ii) Signal-dependent component: A variation in the optical
signal causes a change in the proton concentration within each
symbol interval. Let ceq,0H+ and c
eq,1
H+ denote the equilibrium proton
concentrations, i.e., lim
t→∞ cH+ (t), under darkness and illumination,
respectively, when the dri and noise components of cH+ (t) are
absent. Assuming that the change of proton concentration, denoted
by x(t), or equivalently the change of pH level, in the bacteria
suspension is proportional to the deviation from the equilibrium
level, x(t) can be modeled by the following ordinary dierential
equation (ODE):
dx(t)
dt = −
1
τi
(
x(t) − ceq,iH+
)
, (1)
where τ0 and τ1 are the time constants for the darkness and illumi-
nation states, respectively. Considering x(t0) = 0 at initial time t0,
the ODE in (1) has the following exponential solution
x(t) =
(
c
eq,i
H+ − cH+ (t0)
)
(1 − exp (−t/τi )) . (2)
For the pulse shape introduced in Section 4.1 and assuming that the
start of the symbol interval is at time t0, the proton concentration
change x(t) within one symbol interval is obtained as
x(t) =

(
c
eq,1
H+ − cH+ (t0)
) (
1 − exp (−t/τ1)
)
, t0 ≤ t ≤ t0 + αT symb(
c
eq,0
H+ − cH+ (t0 + αT symb)
) (
1 − exp (−t/τ0)
)
,
t0 + αT symb < t ≤ t0 +T symb
(3)
iii) Random uctuation component: ere are additional
uctuations in cH+ (t) which are much faster than the above two
components. We model these uctuations as noise denoted by
e(t). is noise may include diusion (counting) noise, pH sensor
circuitry noise, and the noise inherent to the biological machinery
of the bacteria. A careful modeling of these noise sources is out
of the scope of this paper. One analytical approximation that is
oen accurate when there are several independent noise sources
is to model the overall noise as Gaussian noise. e validity of the
Gaussian noise model will be investigated in future work.
To summarize, the proton concentration is given by
cH+ (t) = cH+ (t0) + x(t) + d(t) + e(t). (4)
Note that conditioned on the transmied symbols, components x(t)
and d(t) are deterministic, whereas e(t) is random. e motivation
for adopting the above model comes from both the analysis in [26]
and our measurement data, cf. Section 5.2. We emphasize that the
above model is not directly derived based on physical laws and is
in fact a parametric model whose parameters can be adjusted to t
the measurement data.
5 EXPERIMENTAL VERIFICATION
In this section, we present and analyze experimental data obtained
by the proposed optical-to-chemical signal conversion interface. To
this end, we rst present the considered transmission scheme.
5.1 Transmission Scheme
Data transmission is preceded by a period of dark adaptation of
30min. Aerwards, the followingmodulation and detection schemes
are adopted.
5.1.1 Modulation. We employ OOK modulation with the pulse
shape introduced in Section 4.1. ereby, for a binary one, the
LED illuminates the bacteria suspension for the rst α fraction of
the symbol interval and is turned o for the remaining fraction,
whereas for a binary zero, the LED is turned o during the whole
symbol interval. We note that other modulation schemes such as
general concentration shi keying and pulse position modulation
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Figure 3: a) Optical signal; b) Measured pH and analytical
pHmdl vs. time.
can be easily realized with our testbed and the analytical model
proposed in Section 5 can also be straightforwardly generalized to
these modulation schemes.
5.1.2 Detection. Due to the random uctuations and the dri
observed in the measurement data, a simple threshold detector per-
forms poorly for the original pH signal. To overcome these eects,
we employ a smoothing lter to mitigate the random uctuations
and a dierential detector to eliminate the dri. e sampling rate
of the pH signal is 1 Hz, i.e., one sample/second. e measured
pH signal is smoothed by a moving average lter with a length of
30 samples and then dierentiated, where the dierences were com-
puted between signal values with a distance of 20 samples. en,
a threshold detector is applied to recover the data from the dif-
ferentiated pH signal denoted by ∆pH. e peak associated with
the rst binary one bit(s) can be used as synchronization signal to
determine the start of transmission. e value of this peak (these
peaks) can be used as a reference to determine the decision thresh-
old. For the example shown in this section, the threshold is set as
η = β∆pHp + (1 − β)∆pHd where ∆pHp is the peak value, ∆pHd is
the average ∆pH before transmission starts during the dark adap-
tation, and β ∈ [0, 1] is a design parameter that determines how
close the threshold is to the peak value ∆pHp.
5.2 Model Verication
In the following, the accuracy of the model proposed in (4) is inves-
tigated by comparing pHmdl = − log10(cH+ (0) + x(t) + d(t)) with
the measurement data. We employ the least square error criterion
of the MatLab Curve Fiing Toolbox™ to obtain model parameters
c
eq,0
H+ , c
eq,1
H+ , τ0, τ1, andm
d. Note that the values of these parameters
may be dierent for dierent cell cultures.
In order to study the eect of the dri under both the illumination
and dark states, we consider a long symbol duration ofT symb = 110
min with α = 0.5. In Fig. 3a, we show the optical signal and in
Fig. 3b, we show the corresponding measured pH and the analytical
pHmdl for one cell culture vs. time. e parameters of the proposed
model are found as ceq,0H+ = 1.53 × 10−6 mol/l (pH of 5.81), c
eq,1
H+ =
1.65 × 10−6 mol/l (pH of 5.78), τ0 = 3.18 min, τ1 = 1.84 min, and
md = −3.12 × 10−5 mol/l/s. As expected, the pH level decreases
aer illumination and increases during darkness; hence, the optical
Figure 4: a) Optical signal corresponding to symbol se-
quence [10011000101011101101]; b) Measured pH and analyti-
cal pHmdl vs. time.
signal is successfully converted to a chemical signal. From the
measured pH shown in Fig. 3b, we observe a baseline dri during
both the illumination and darkness intervals. Overall, we observe
that the proposed analytical model is in very good agreement with
the measurement data.
In Fig. 4a, we show the optical signal corresponding to the 20-
symbol sequence [10011000101011101101] with T symb = 1 min and
α = 0.25, and in Fig. 4b, we show the corresponding measured pH
and the analytical pHmdl vs. time. e parameters of the proposed
model are found as ceq,0H+ = 2.82 × 10−6 mol/l (pH of 5.54), c
eq,1
H+ =
5.79 × 10−6 mol/l (pH of 5.23), τ0 = 6.39 min, τ1 = 8.48 min, and
md = −6.43× 10−5 mol/l/s. e values of the model parameters are
dierent from those obtained for Fig. 3 since themeasurements were
gathered from dierent bacterial cultures. Again, we observe from
Fig. 4a that the proposed analytical model explains themeasurement
data well even if multiple symbols are transmied.
5.3 Signal Conversion
Finally, we show the successful recovery of the following randomly
chosen 80-symbol sequence
[1001100010101110110101111010011001010010
0100111011011101110001001011010010000000] (5)
that is converted from an optical signal to a chemical signal using
the proposed experimental setup and the modulation and detection
schemes introduced in Section 5.1 with T symb = 1 min and α =
0.25. In Fig. 5a, we show the measured pH and the smoothed
signal vs. time. As can be observed from this gure, the random
noise in the measured pH is eciently mitigated by smoothing.
Nevertheless, dierent signal dris can be observed in intervals
[0, 25], [26, 44], [45, 69], and [70, 80] min which are caused by inter-
symbol interference (ISI) as well as the baseline dri. Moreover,
these dris are not present in Fig. 5b which depicts the dierentiated
signal vs. time. e negative peaks in the dierentiated signal,
which result from illumination when transmiing a binary “1”, are
very pronounced and substantially exceed the noise level. ereby,
a simple threshold detector using a detection threshold η with
β = 0.25 can successfully recover all 80 symbols.
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Figure 5: a) Measured pH and smoothed signal vs. time for
the symbol sequence in (5); b) Dierentiated signal used for
detection vs. time and adopted detection threshold. e
symbol intervals are represented by vertical dotted lines.
For illustration, time intervals where binary symbol “1” is
transmitted (detected) are highlighted by yellow (blue) in
Fig. 5a (Fig. 5b).
6 CONCLUSIONS AND FUTUREWORK
In this paper, we introduced a biological microscale modulator
based on E. coli bacteria that express the light-driven proton pump
gloeorhodopsin and, in response to external light stimuli, can lo-
cally change their surrounding pH level by pumping protons into
the channel. We provided an analytical model to characterize the
induced chemical signal as a function of the applied optical signal.
We further showed that the results from the proposed analytical
model are in very good agreement with the measurement data for a
sequence of transmied symbols. Furthermore, using a pH sensor
as detector, employing OOK modulation, and detection based on
the dierential signal, a sample sequence of 80 consecutive bits was
converted to a chemical signal and successfully recovered. We note
that the high data rate of at least 1 bit/min achieved by our testbed
is a big step forward compared to existing organic testbeds (e.g., the
data rate of the system in [16] is approximately 1 bit/h). In future
work, we plan to replace the pH sensor by a bacterial receiver, e.g.
a pH-sensitive green uorescent protein (GFP). Having both an
optical-to-chemical transmier and a chemical-to-optical receiver,
we can set up a full MC system at microscale that can be easily
controlled and read out at macroscale.
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